We have investigated PLLA crystallization in lamellae-forming PS-b-PLLA con- is preferentially aligned with the nanopore axes to the same degree as for PLLA homopolymer, independent of whether PS is vitreous or soft.
Introduction
As compared to the bulk, both the crystallization of polymers and microphase separation of block copolymers (BCPs) are significantly modified under the two-dimensional confinement of rigid cylindrical nanopores. Homopolymer crystallization inside cylindrical nanopores [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] is typically dominated by kinetics. Homopolymer crystals having their directions of fast crystal growth aligned with the nanopore axes rapidly grow along the nanopores and prevail over crystals having other orientations. On the other hand, the nanoscopic morphologies formed by BCPs inside rigid cylindrical nanopores are dictated by BCP architecture, reduced nanopore diameter (ratio of nanopore diameter D and bulk BCP period L 0 ), interactions between the blocks and interactions with the nanopore walls. If D is several times larger than L 0 , symmetric BCPs forming lamellae in the bulk often form "dartboard" morphologies -concentric cylinder shells oriented parallel to the nanopore axes that alternatingly consist of the two BCP components. [14] [15] [16] [17] [18] For D/L 0 3 the lamellae were oriented normal to phous block may occur in the breakout mode, the templated mode and the confined mode.
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In the confined crystallization regime, crystallization is confined by the nanoscopic melt domain structure of the BCP that is typically fixated by vitrification of the non-crystallizing component. 33 In the templated regime 34 crystallization disturbs the nanoscopic BCP domain structure but does not completely destroy it; the nanoscopic domain structure is retained with local distortions and defects. Templated crystallization typically takes place in the presence of a soft matrix when crystallizable blocks and matrix are highly incompatible. In the breakout regime, crystallization destroys the nanoscopic BCP domain structure.
Semicrystalline BCPs confined to rigid cylindrical nanopores crystallize under the hierarchical confinement imposed by the nanopore walls and the nanoscopic BCP morphology.
Poly(ethylene) (PE) in PE-b-PS (PS = polystyrene) inside cylindrical nanopores with D ≤
60 nm crystallizes at high supercooling and melts with significant melting point depression. 35 For asymmetric PS-b-PE the PE blocks formed cylindrical shells surrounding PS cores. For symmetric PS-b-PE an outer PE shell surrounding a PS core containing another, distorted PE domain running along the nanopore axes was found. 36 However, crystallization of semicrystalline BCPs in cylindrical nanopores has attracted only limited interest. The interplay of the nanoscopic melt domain structures BCPs form under cylindrical confinement and crystallization is hardly understood, especially for weak confinement where D is a few times larger than L 0 . Here we study the crystallization of the poly-L-lactide (PLLA) blocks of lamellae-forming PS-b-PLLA (PLLA volume fraction 50 %; PS is atactic) located in the cylindrical nanopores of self-ordered anodic aluminum oxide (AAO) 37 under weak confinement (D/L 0 ≥ 4.8). We crystallized the PLLA blocks either by cooling from the melt at -1 K/min or isothermally at crystallization temperatures T C = 140
• C (PS is soft) and T C =
85
• C (PS is vitreous). PS-b-PLLA was selected as model BCP because of the strong segregation between the PS and PLLA blocks. 38, 39 The Flory-Huggins parameter χ(T ) of PS and PLLA equals 154.9/T -0.211; 39 at 298 K χ amounts to 0.3 so that the PS-b-PLLA used here is far in the strong segregation regime. Furthermore, poly(lactide) can be degraded selective to PS. 38, 40 Thus, PS nanorods containing voids in place of the PLLA domains are accessible, the internal morphology of which can be imaged by transmission electron microscopy (TEM).
Experimental Section
Polymers PS-b-PLLA (50 vol-%-PLLA; M n (PS) = 21000 g/mol; M n (PLLA) = 24300 g/mol; M w /M n 1.14) and PLLA homopolymer (M w = 16500 g/mol; M n = 13500 g/mol; M w /M n = 1. 
Templates
Self-ordered nanoporous anodic aluminum oxide (AAO) with a pore diameter D of 180 nm, a pore depth of 60 µm and a nearest-neighbor distance of 500 nm was prepared following procedures reported previously. 37 The self-ordered AAO membranes used to prepare the PSb-PLLA nanorods shown in Figure 2d and Figure 4 were prepared exactly in the same way except that the AAO nanopores were widened to D = 275 nm -310 nm by isotropic etching with 10 wt-% aqueous phosphoric acid at 30
• C. The self-ordered AAO membranes contained arrays of separated and aligned cylindrical nanopores with closed nanopore bottoms and were connected to a ∼ 940 µm thick supporting aluminum substrate.
Infiltration of self-ordered AAO
PS-b-PLLA and PLLA homopolymer were located on the surfaces of self-ordered AAO. The polymer-covered self-ordered AAO membranes were heated to 180
• C at a rate of 10 K/min, kept at this temperature for 48 h and quenched with liquid nitrogen. Residual polymer was removed from the surface of the self-ordered AAO membranes using sharp blades. The quenched samples were again heated to 180
• C at a rate of 10 K/min and kept at this temperature for 12 h. For isothermal crystallization, the temperature was quenched to the crystallization temperature T C and kept at T C for 24 h. Non-isothermal crystallization was carried out by cooling the samples from 180
• C to room temperature at -1 K/min. No bulk polymer remained on the AAO surface during crystallization. Hence, the AAO nanopores contained separated polymer nanorods so that crystallization had to be initiated separately in each AAO nanopore. All high-temperature steps were carried out under argon atmosphere.
Wide-angle X-ray scattering (WAXS)
For WAXS measurements on PS-b-PLLA and PLLA homopolymer confined to self-ordered AAO membranes still attached to aluminum substrates we used a PANalytical X'Pert Pro scans the X-ray source was fixed while the samples were tilted by an angle Θ about the Θ axis normal to the scattering plane as well as to the long axes of the AAO nanopores ( Figure   1 ). At the same time, the detector was moved along a circle centering about the Θ axis by an angle of 2Θ. The second relevant angle Ψ (cf. Figure 1) , which is the angle between AAO nanopore axes and scattering vector, was set to 0
• . In the course of a Θ/2Θ scan, the length of the scattering vectors oriented parallel to the AAO nanopores was successively increased.
Under these conditions, only scattering originating from sets of lattice planes oriented normal to the AAO nanopore axes and parallel to the AAO membrane surface contributed to the detected scattering intensity. 
Results

Morphology of PS-b-PLLA nanorods
Discussion
Melt morphologies
It is reasonable to assume that the morphologies of the porous PS nanorods obtained via PLLA crystallization at T C = 85
• C (Figure 2 
Interplay of crystallization and morphology ripening
We suggest that the morphologies of the PS nanorods obtained via isothermal crystallization of PS-b-PLLA inside AAO at T C = 140
• C (Figures 3 and 4 1) The outermost PS cylinder shell remained mostly intact. This result indicates pro-nounced and persistent interface-induced ordering driven by PLLA adsorption on the AAO nanopore walls. The polyester PLLA likely segregates to the AAO nanopore walls since hydrogen bonds can be formed between the terminal hydroxyl groups at the AAO nanopore walls and the PLLA carbonyl groups. Moreover, polylactide homopolymer forms rigid amorphous fractions at inorganic oxidic surfaces. 60 Therefore, the PLLA blocks forming the outermost concentric PLLA cylinder shell are likely pinned to the AAO nanopore walls. The concentric PS cylinder shell belonging to the outermost PS-b-PLLA layer is encased by the outermost PLLA cylinder shell and contains many PS blocks covalently bond to PLLA blocks irreversibly adsorbed on the AAO nanopore walls. Hence, the concentric PS cylinder shell belonging to the outermost PS-b-PLLA layer will be stabilized too so that it is neither affected by PLLA crystallization nor by ripening of the PS-b-PLLA melt morphology.
2) The second-outermost cylindrical PS-b-PLLA layers consisting of the second-outermost PLLA and the second-outermost PS cylinder shells transformed into disturbed ring-like and helical structure motifs ( Figures 3 and 4) , even though undisturbed concentric cylinder shells would have allowed unconfined growth of PLLA crystals along the AAO nanopores. This implies that at T C = 140
• a mechanism for this transformation must exist that is neither effective above the PLLA melting point nor below the glass transition temperature of PS.
Since the transformation of the second-outermost concentric PLLA and PS cylinder shells impedes unconfined crystal growth along the second-outermost PLLA cylinder shell, it is reasonable to assume that growth of PLLA crystals is not the driving force for this mor- 3) "Low-pitch" helices such as those shown in Figure 3b and c or such as the outermost helix in seen in Figure 2d with a pitch of a few 10 nm located next to the outermost intact PS layer were frequently found. This finding corroborates the notion that this helix type is advantageous -it either survived heating to T C = 140
• or, alternatively, it might even be newly formed by the transformation of the second-outermost PS-b-PLLA layers (see item 2 above).
4) "High-pitch" helices with leads of a few 100 nm, as seen in Figure 2b 
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Crystal growth 
